Several patient-derived tumor models emerged recently as robust preclinical models. However, their potential to guide clinical therapy remained unclear. We report a novel model for personalized drug testing called patient-derived tumor-like cell clusters (PTC) that enabled us to accomplish personalized drug tests within 10-20 days.
Introduction
Precision oncology seeks to identify effective therapeutic strategies for individual cancer patients. Omics technologies play a paramount role in precision medicine, including the identification of key modulators in signaling pathways and contributing to the understanding of cancers from statistical and macroscopic perspectives (Cristescu et al., 2015; Hoadley et al., 2018) . However, the clinical application of omics technologies has been limited: a large proportion of cancer patients do not have any actionable mutations (Bailey et al., 2018) , and among the patients with targetable genomic alterations, choosing the optimum treatment has been difficult due to the lack of effective theoretical models for the determination of dominant factors that can benefit patient clinical outcomes.
Increasing evidence has suggested that patient-derived tumor models can faithfully recapitulate human tumor biology and predict potential clinical responses.
Patient-derived tumor xenografts (PDXs) can retain the idiosyncratic characteristics of different tumors from individual patient and measure drug efficacy more accurately than traditional methods (Byrne et al., 2017; Gao et al., 2015; Stewart et al., 2017) . In addition, a group of 2D or 3D cell culture technologies have demonstrated their potential. Patient-derived tumor cells (PDC), mainly consisting of cancer stem cells, can retain the genomic and biological characteristics of and have shown concordance with the tumor of origin on clinical response. The 3D cultures and organoids cultured from healthy and tumor tissues from cancer patients have likewise made great progress (Pauli et al., 2017; Vlachogiannis et al., 2018) . Patient-derived organoids (PDO) have been used to perform high-throughput drug screening and to model the treatment responses in metastatic gastrointestinal cancers (Crespo et al., 2017; van de Wetering et al., 2015a) . Furthermore, organoids generated by human embryonic stem cells or induced pluripotent stem cells may circumvent the limited availability of high-quality human primary materials (Gjorevski et al., 2016; McCracken et al., 2014; Papapetrou, 2016; Spence et al., 2011) .
Though promising, these models have several limitations. First, the central premise of personalized medicine is to facilitate patient-specific treatment decision-making within a clinically meaningful time window. Such a time window is generally less than 2-3 weeks for the determination of the best chemotherapy regimen for gastric and colorectal cancers pre-and post-operatively. However, both PDXs and PDO normally take more than a few months. Second, standardized cell culture conditions are needed to facilitate the dissemination and application of the model in clinical setting. PDO technologies demonstrated tissue-specific features (Fujii et al., 2016; Sachs et al., 2018; Sato et al., 2011) , and huge efforts have to be made to develop, validate and standardize culture protocols for different resources. Third, the accuracy of the models on drug response assessment is of great importance. However, PDXs may undergo mouse-specific tumor evolution. PDC is subject to the drug-sensitivity variations and genetic and/or epigenetic alterations along the passages.
PDO are exclusively composed of epithelial cells (Fujii et al., 2016; Sachs et al., 2018; van de Wetering et al., 2015a) and this intrinsic lack of stromal components may adversely influence the recapitulation of the drug-response pattern of the original tumor.
To address these limitations, we optimized the current culture medium and condition to maintain the integrity of the dissociated tumor primary cells including tumor epithelial cells, macrophages, fibroblasts, etc., and to generate as many tissue materials as possible within 2 weeks for drug sensitivity testing. Here, we established a new in vitro tumor model named patient-derived tumor-like cell clusters (PTC).
Results

Establishment of PTC in Vitro Tumor Models for Gastric and Colorectal Cancers
In 3D cultures and organoids, matrigel was added to model the in vivo tissue microenvironment. We hypothesized that cell cultures were enriched mainly through cell proliferation and differentiation in those 3D cultures and organoids, thus making it difficult to generate enough materials for personalized drug tests within one month.
In order to maintain the integrity of tumor primary cell populations and accomplish the cell expansion and drug test within 2 weeks (Figure 1A) , we removed matrigel and emphasized a strategy of tumor cells self-assembly and proliferation. We tested a variety of culture media and polymers with good biocompatibility for the establishment gastric and colorectal cancer PTC. The substrate hydrophobicity appeared to have a substantial effect on the growth of PTC (Figure S1A) . PTC demonstrated distinct phenotypes from PDOs (Figure S1B) . For case CS-T-858, PTC presented compact clusters devoid of a lumen, whereas PDOs showed thin-walled cystic structures. In general, PTC had more but smaller clusters than PDOs.
We dynamically studied the generation of PTC by a high-content imaging system (MD) and found that PTCs mainly resulted from the migration and self-assembly of dissociated primary cells into hundreds of clusters ( Figure 1B) . This finding is consistent with the substrate hydrophobicity mentioned above, as a hydrophilic surface may inhibit the assembly of PTC due to the adherent interaction between the cells and substrates. Furthermore, the PTC has demonstrated high morphological similarities with the gastrointestinal cancer biopsies (Figure 1C) . For example, GS-2281 PTC, which was derived from diffuse-type gastric carcinoma, reconstituted the histologic appearance of signet ring cells as the original parental tumor.
A total of 190 fresh gastric or colorectal tumor samples including 153 surgically-resected tumor tissues, 31 endoscopic biopsies and 6 ascites samples were collected for PTC establishment. The overall success rate of PTC establishment was 74.7% (142/190). Although biopsy samples obtained through endoscopy had a smaller amount of tissue, the corresponding PTC had a higher success rate than that of those generated from surgically resected samples (83.9% vs 72.5%) ( Figure 1D) .
Furthermore, the PTC can be easily adapted to study cancer subtypes for which it has historically been impossible or difficult to establish organoids (Fujii et al., 2016) , such as poorly or moderately differentiated adenocarcinoma, neuroendocrine carcinoma, mucinous adenocarcinoma, or metastatic samples (Figure 1E and S1C) .
Characterization of PTC Cellular Components
We next investigated the cellular components of PTC prior to the genomic characterization. The immunofluorescence data revealed that the majority of the clustering cells were CK8/18+ epithelial cells (Figure 1F, 1G) . Besides epithelial cell markers, PTC exhibited positive staining of tissue-specific markers. CRC PTC showed the expression of MUC2 and CDX2 (Crespo et al., 2017; Fujii et al., 2016; Kodack et al., 2017; van de Wetering et al., 2015b) , while the PTC derived from gastric cancer samples showed the expression of CDX2, PDX1 and SOX2 (Kodack et al., 2017; McCracken et al., 2014) . Similar to PDC and PDO, most PTC demonstrated the properties of cancer stem cells and high proliferation capability, as evidenced by CD133+/ALDH1A1+/Ki-67+ (Figure 1G and S1D).
Strikingly, PTC contained macrophages or fibroblast cells (Figure 1G, S1E ).
Real-time PCR assays showed that a large proportion of CD68+/CD163+ macrophages or S100A4+/α-SMA+ fibroblasts were detected in 43 individual clusters.
Furthermore, we used flow cytometry assays to quantitatively analyze the proportion of epithelial, macrophages or fibroblast cells in seven PTC. We found that the proportions of non-epithelial cells varied significantly among patients, with fibroblast cells ranging from 0% to 50.7% and macrophage cells from 0% to 9% (Figure 1H,   S1F ).
Genomic Consistency of PTC with the Original Tumors
Genomic DNA was isolated from the PTC cells, tumor samples and matched normal samples for target sequencing and low-pass whole genome sequencing (WGS).
Somatic mutations and copy number variations (CNV) were called based on target sequencing and the low-pass WGS, respectively. Both of them were concordant between the PTC cells and the tumor samples. The proportions of common somatic mutations ranged from 0.57 to 1, with a mean of 0.86 and a standard deviation (s.d.) of 0.13 (Figure 2A and S2) . Correlations of the CNVs between the PTC cells and tumor samples ranged from 0.52 to 0.96, with a mean of 0.78 and a s.d. of 0.13. Many samples had nearly identical CNV patterns between the PTC cells and tumor samples ( Figure 2B) . The observed minor differences in genomic alterations between the PTC cells and tumor samples could be bona fide genomic differences or artifacts caused by insufficient detection power. For example, common low frequency subclonal mutations usually have a lower detection power and are more likely to be misclassified as private mutations in PTC cells or tumor samples. In fact, when we increased the variant allele frequency to at least 20%, the mean proportion of common somatic mutations increased to 0.93 with a s.d. of 0.17.
The discovered genomic alternations largely agreed with previously reported mutations that were typical for colorectal and gastric cancers. Among the genes covered in our gene panel, TP53, KRAS, PIK3CA, SMAD4 and NRAS were the top 5 most frequently mutated driver genes in colorectal cancer (Cancer Genome Atlas, 2012), and TP53, SMAD4 and PIK3CA were the top 3 most frequently mutated genes in gastric cancer (Cancer Genome Atlas Research, 2014). Of the eight colorectal cancer patients in this study, seven had TP53 non-synonymous mutations, three had KRAS mutations, zero had PIK3CA mutations, three had SMAD4 mutations and one had a NRAS mutation. In these five genes, the PTC cells and the corresponding tumor tissues had the same exactly same mutations. For the five gastric cancer patients, we observed one patient, two patients and one patient with mutations in TP53, SMAD4
and PIK3CA, respectively. The PTC cells and tumor samples from these patients also shared the same mutations in the respective genes. The typical arm-level CNVs in colorectal and gastric cancer were observed (Cancer Genome Atlas, 2012; Cancer Genome Atlas Research, 2014). For example, many samples had copy number gains of chromosomes 1q, 7, 8q, 13q, and 20, as well as copy number losses of 1p, 5q, 8p, 14q, 15q, 17p and 18. Recurrent focal amplifications and deletions were also observed in many patients, including amplifications of ERBB2 and EGFR, and deletions of PTEN and SMAD4 (Figure 2B) . In summary, these genomic analyses revealed that the PTC faithfully maintained the genomic features of the primary tumors.
PTC as a Tool for Personalized Drug Testing
To identify the optimum therapeutic option for individual patients, we set up a personalized drug testing system. The PTC were separated into a multi-well chip and the drugs to be evaluated were added into different individual wells. The cell clusters were photographed at day 0 and day 7. Only clusters with diameters of more than 40 micrometers were selected to calculate the cluster areas. The efficacy of a drug A was calculated by the following formula, p = , 1 / ,
where S is the sum of cluster areas in a well, subscript NC is the negative control and used for normalization, n is the number of replication for the treatment and control, t0
and t1 are the time points when the areas are measured. On the basis of the RECIST criteria of solid tumor response used in clinical setting (Eisenhauer et al., 2009) Figure S3A) .
We next evaluated whether PTC could be applied as an informative tool for precision oncology using the following two dimensions: the consistency among PTC in different wells and that between PTC' prediction results on drug response and the patients' actual responses in the clinical setting. The former consistency was addressed using two approaches: the drug-efficacy consistency and the genomic consistency.
For the drug-efficacy consistency, we firstly investigated the effect of the cluster numbers on the drug response consistency (Figure 3A) . We then performed drug efficacy tests for 28 samples using 5-20 drugs and repeated the experiment three times for each drug-sample pair. As a result, we obtained 339 drug profiles in total. Drug efficacy consistency requires that different experiments for the same drug-sample pair render close and highly-correlated results. We calculated the CV of the three experiments for each drug-sample pair and found that most (91.74%) of these CVs were less than 0.5 (Figure 3B) , indicating that the result of three experiments for most drug-sample pairs were very close to one another. In addition, we randomly selected two experiments for each drug-sample pair and calculated their Pearson's correlation coefficient. This process was repeated for 1,000 times. We found that the correlations were consistently larger than 0.8, with a mean of 0.84 and a s.d. of 0.036 (Figure 3C and S3B), which indicated that results rendered by different experiments for the same drug-sample pair were highly consistent.
We then investigated the genomic consistency in different wells by comparing the genomic and transcriptomic profiles of PTC. The somatic mutations, CNVs, and transcriptome profiles showed high consistency, indicating the similarity of the proportions and compositions of the PTC among wells (Figure 3D, 3E and S3C) .
With the exception of sample 222, pairwise overlap analysis showed that the proportions of common somatic mutations between different wells were always greater than 0.8 (Figure S3D) . The CNV correlations between the cells had a mean of 0.91 and a s.d. of 0.09 (Figure S3E) . The gene expression levels between different wells were likewise highly correlated, with many pairs of wells having correlations close to 1 (Figure S3F) .
Discussion
Time and accuracy are two paramount factors to develop any in vitro tumor models that can provide valuable reference for clinician to make prescription. Here, we reported a novel personalized drug testing technology called PTC, and proved the effectiveness of the PTC experimental paradigm for individualized drug tests within 10-20 days, even starting with trace biopsies. In comparison with recently developed 3D organoids technologies (Drost and Clevers, 2018) , the PTC technology demonstrates unique characteristics in manufacturing methods, organizing mechanism and composition, more importantly in time and accuracy. PTC established clear culture conditions, drug efficacy concentrations, and efficiency cut-off for accurate clinical prediction (Figure S4) .
One counterintuitive observation is that organoids from normal epithelium often grow faster than organoids derived from advanced tumors (Drost et al., 2015; Verissimo et al., 2016) . Various chemicals have to be added or removed to inhibit the growth of healthy cells or to promote culturing of different subtypes of tumor epithelial cells. Thus, extra time and efforts are needed to validate the accuracies of those organoids prior to their clinical applications. More severely, organoid cultures generally require a few months to generate sufficient materials for drug efficacy testing.
In this work, we tried to maintain the histological and functional integrity of tumor tissues by taking advantage of tumor's self-organizing capacity. We found that the PTC resulted from the migration and self-assembling of dissociated tumor primary cells. We confirmed that, in addition to CK8/18+ epithelial cells, the PTC contained stromal cells such as microphage and fibroblast cells. These stromal cells played an indispensable role in PTC assembling and drug-response recapitulation.
Unlike the organoid cultures, in which different tumor subtypes require specific compositions of culture media (Drost and Clevers, 2018; Fujii et al., 2016) , the PTC could be easily adapted to characterize drug sensitivity of other cancers besides gastric and colorectal cancers, and even a diversity of cancer subtypes that were impossible or difficult to generate corresponding organoids, such as poorly or moderately differentiated adenocarcinoma, neuroendocrine carcinoma, mucinous adenocarcinoma, or metastatic samples. More importantly, the PTC can forecast patients' clinical responses to targeted agents or chemotherapies within 10-20 days.
Although both PDX and PDO technologies retrospectively demonstrated the success in forecasting the patients' drug response, whether they are applicable to the clinic in a timely manner remains to be determined (Gao et al., 2015; Vlachogiannis et al., 2018) . Since the entire evaluation process of PTC can be seamlessly integrated into neoadjuvant, chemotherapy or target therapy programs, we strongly believe that PTC would revolutionize precision oncology and benefit millions of cancer patients every
year. (G) Immunofluorescent staining of day 5 PTC for the epithelial markers CK8/CK18, the cell-cell junction marker E-cadherin (ECAD), the macrophage marker galectin-3, the fibroblast marker S100A4, the stem cell markers CD44 and ALDH.
Nuclear counterstaining (blue, Hoechst). Scale bars: 20 μm.
(H) Quantitative analysis of the proportion of epithelial cells (CD326+), fibroblast cells (FAP+) or macrophage cells (CD45+ or CD11b+) in two PTC samples
